content each year from 1997 to 2001 (Table 1 ) upon receipt at the Valley Co-op Oil Mill in Harlingen, TX. Cores of cottonseed (3 to 5 kg each) were taken from six locations in each truck with a vacuum sampler with a 6.3-cm internal-diameter intake tube. Samples were combined, immediately split, and subdivided. One of the resulting single 5-to 8-kg composite samples subsequently was cracked with a roller and sieved to separate kernels from hulls (approximately 250 g of kernels per sample were obtained). The resulting kernels were mixed and a 40-g kernel subsample was taken, ground, and analyzed for aflatoxin content. Aflatoxin content was obtained with either Aflatest (Vicam, Watertown, MA) or Veratox (Neogen Corporation, Food Safety Division, Lansing, MI) following the manufacturer's instructions. The resulting aflatoxin data were provided by the oil mill for analysis. Aflatoxin data (ng/g) were organized by region and gin of origin and date of receipt at the mill. Percentage of cottonseed (truckloads) with aflatoxin content equal to or higher than 20 ng/g (Percent Over 20) was calculated for each date and gin of origin.
Data analysis. The study area was >450 km long by 100 km wide, extending from the Rio Grande Valley in the south to Fort Bend County in the north. The Winter Garden area, a separate area close to San Antonio, TX, also was included in the study. Each gin analyzed was geo-referenced in the Universal Transverse Mercator (UTM) projected coordinate system. The UTM system gives the positions in meters and is preferred over latitudelongitude in decimal degrees because position coordinates in meters facilitate the correct computation of distances between sample locations in a plane (two dimensions), which is required in a geostatistical analysis. The total area was divided into four geographic regions (Rio Grande Valley, Coastal Bend, Upper Coast, and Winter Garden). These four regions were subdivided into smaller areas presenting similar features to determine if aflatoxin contamination is significantly influenced by spatial or geographic factors. The features used to demark areas include soil type, precipitation, altitude, and latitude (data not shown). This process resulted in a total of 12 areas (Fig. 1) .The minimum and maximum number of cottonseed truckloads per area and the total number of cottonseed truckloads each year are presented in Table  1 . Analysis of variance was used to assess differences among areas in aflatoxin content, the natural logarithm of aflatoxin content, and the Percent Over 20. Regression analyses for the Percent Over 20 as a function of time (Julian days) were performed for each region. Both linear and nonlinear (exponential) models (b 0 + b 1 × X and b 0 × e b1 × X , respectively) were evaluated using SAS 8.0 (SAS Institute, Cary, NC). Multiple linear regression analyses with monthly average weather variables were performed for the annual averages of both aflatoxin content and Percent Over 20 using the stepwise procedure of SAS 8.0. For the weather variables, the closest weather station to each gin was used. Monthly total rain and the monthly average of maximum, median, and minimum temperature were tested. Only gins (n = 11) from the Coastal Bend and Upper Coast regions with a weather station both within 25 miles and having archive data for at least 4 years of the study were included in the analyses. This resulted in a total of 50 data points for each weather variable. Spatial analysis. Spatial analysis of aflatoxin contamination of cottonseed was performed using geostatistics (26) to determine if geographic location significantly influences the extent to which cottonseed becomes contaminated with aflatoxins and to identify areas with greatest contamination problems. Geostatistical analyses were performed on both the annual average aflatoxin content and annual Percent Over 20 to obtain patterns of aflatoxin contamination throughout South Texas. The mean values for the entire season for each gin were used in these analyses. Indicator kriging (18, 20) of the aflatoxin content was used to generate maps of the probabilities that cottonseed would have an annual average aflatoxin content of 20 ng/g or higher.
Variogram analyses. Variograms describe spatial autocorrelation. The lower the variogram value, the higher the spatial autocorrelation or spatial continuity (18) . In geostatistics, variogram values derived from the data (experimental variograms) are fit with model variogram functions using three parameters called the range, nugget, and sill (18, 20) . The range is the distance over which the spatial autocorrelation occurs. The nugget and sill estimate the magnitude of the variability: the nugget estimating very short-range variability and measurement error and the sill estimating total variability. By selecting a model variogram function and values for the parameters, a mathematical description of the spatial autocorrelation that can be used for surface interpolation (kriging) is developed. Omnidirectional experimental variograms were obtained using the VARIOWIN 2.1 software (Y. Pannatier, 1994; Institute of Mineralogy and Petrography, University of Lausanne, Switzerland) for aflatoxin content and Percent Over 20. Indicator variograms were obtained to determine the probability of cottonseed exceeding the 20 ng/g action level using VARIOWIN 2.1 software. Variogram equations and procedures to develop experimental variograms and fit model variograms followed previously described procedures (14, 15, 18, 20, 24) . The maximum distance between sample locations (gins) was 450 km and the minimum distance was 2.5 km.
Kriging and map display. Model variograms were used in ordinary block kriging for estimation in unsampled areas. Block kriging uses point data and the variogram model to estimate values in blocks or grids. SURFER 7.0 (Golden Software, Inc., Golden, CO) and ArcGIS (version 8.0 for Windows; ESRI, Redlands, CA) were used for block kriging. Indicator kriging probability maps for aflatoxin contamination of 20 ng/g were obtained by using the indicator variograms and transforming the data to an indicator data set with aflatoxin values below 20 ng/g = 0 and aflatoxin values of 20 ng/g = 1. ArcGIS (version 8.0 for Windows) was used for indicator kriging. Interpolation of values for unsampled areas by block kriging was performed on a grid (2 by 2 km) with a search neighborhood of 60,000 m and a maximum of 12 sample locations. Mean seasonal values for all gins were used for kriging procedures. ArcGIS (version 8.0 for Windows) was used to create views and layouts of the kriged values with previously digitized features as background.
RESULTS

Aflatoxin contamination of commercial cottonseed in South
Texas is a perennial problem that presents both temporal and spatial Table  2 ). In general, the most severe aflatoxin contamination occurred from the northern portion of the Coastal Bend Region (north of Corpus Christi, TX) through the central portion of the Upper Coast region (around Port Lavaca and Victoria, TX) ( Table 2 ; Figs. 2 and 3 ). When the data were analyzed by area ( Fig. 1 ) statistically significant (P = 0.05) differences were found. Although 7 of the 12 areas had contamination levels not significantly less than the most severe in at least 1 of the 5 years, the areas with the highest levels of contamination were again mostly located from the northern Coastal Bend region to the central Upper Coast region. The only exception to this trend was the Winter Garden region in 1998, which had the highest average aflatoxin content (105 ng/g) that year (Table 2 ). However, this region had a low Percent Over 20 average (28.6%) compared with the northwest Coastal Bend area (53.3%), which also had a high average of aflatoxin content (90 ng/g) in 1998 ( (Table 2) . Seasonal aflatoxin contamination. In general, aflatoxin contamination increased as ginning season progressed (Fig. 2) . Regression analyses of Percent Over 20 as a function of time (Table  3) indicated that the Rio Grande Valley region had the lowest rate of intraseason contamination increase based on combined data from 1997 to 2001. Data for this region fit a linear model with a coefficient of determination (r 2 ) equal to 0.752 and a slope of 0.447% per day ( Table 3 ). The Coastal Bend region had the highest rate of intraseason contamination increase, with an average increase of 1.23% per day. Data from that region best fit an exponential model with r 2 = 0.952 and an e-base exponent of 0.0355. Increases in the Coastal Bend and Upper Coast regions were similar ( Table 3 ). The Upper Coast data fit an exponential model with r 2 = 0.864 and an e-base exponent of 0.0345. However, Upper Coast data also fit a linear model with r 2 = 0.867 and a slope of 1.02% per day. Data from the Winter Garden region fit best to a linear model with r 2 = 0.727 and a slope of 1.174% per day (Table 3 ; Fig. 2) .
Relationship of contamination with weather variables. Multiple linear regression analyses by the stepwise method of SAS indicate that rain after boll opening and minimum temperature during early boll development are the most important variables influencing aflatoxin contamination in South Texas (Table 4) . Rain during July is the variable with the greatest influence on both aflatoxin content and Percent Over 20, giving a partial r 2 of 0.52 and 0.53, respectively (Table 4) . Also included in both models were rain in June, rain in August, and temperature minimum in June (Table 4 ). The r 2 for these models were 0.70 for aflatoxin content and 0.73 for Percent Over 20. All variables included in the models were individually significant (P 0.05).
Spatial patterns of aflatoxin contamination. Geostatistical analyses, variogram analyses, and kriging interpolation of both aflatoxin contamination and Percent Over 20 indicated a patchy distribution which varied with season.
Variogram analyses. Modeled parameters of variograms for aflatoxin content and Percent Over 20 are presented in Table 5 . All the variograms for both aflatoxin content and Percent Over 20 for the 5 years of study were of the spherical type, with goodness of fit ranging from 0.002 to 0.017 (based on a weighted mean square standardized; values close to zero indicate good fit). In general, ranges of spatial autocorrelation for the variograms of aflatoxin content were longer than for variograms of Percent Over 20. (Table 5) .
Ordinary kriging maps. Maps of both the estimated aflatoxin content and the estimated Percent Over 20 for the 1997 to 2001 seasons obtained by kriging show recurrent patterns of aflatoxin contamination (Figs. 3 and 4) . Similar to the analysis of variance (ANOVA) results (Table 2) , mapping showed increased incidence and severity of contamination in the southeast and all northern areas of the Coastal Bend region, and the south and central areas of the Upper Coast region, with variation in the patterns of con- tamination among seasons (Figs. 3 and 4) (Figs. 3 and 4) .
Indicator kriging maps. Maps of the probability that cottonseed produced at a location will have aflatoxin of 20 ng/g were generated by indicator kriging. In 1999, contamination was severe, and cottonseed produced throughout South Texas had a >80% probability of equaling or exceeding an aflatoxin content of 20 ng/g (Fig. 5) . However, in the other 4 years studied, cottonseed produced in the Rio Grande Valley region had a much lower probability of unacceptable contamination. In most years, the probability throughout the valley was <20%. On the other hand, cottonseed ginned on the Port Lavaca peninsula, in the south Upper Coast area, and the San Patricio peninsula, in the Northeast Coastal Bend area, had >60% probability of unacceptable aflatoxin levels in all seasons studied. (Fig. 5) .
DISCUSSION
Aflatoxin contamination of commercial cottonseed in South Texas presents both temporal and spatial variation. Temporal variation occurs both between and within seasons. Even though there is variation in aflatoxin contamination among seasons, levels of contamination observed during the seasons with least contamina- tion still are of considerable economic importance. For instance, during 1997 and 2000 (when the lowest aflatoxin contamination occurred), the average aflatoxin content for both seasons was 24 ng/g and the percentage of cottonseed exceeding 20 ng/g was 15.5 and 19.6 for 1997 and 2000, respectively (Table 2) . Although most seed produced in South Texas had relatively low aflatoxin content in these two seasons, in areas 8 (North Coastal Bend) and 9 (South Upper Coast), between 27 and 38% of cottonseed could not be sold in the lucrative dairy market due to unacceptable aflatoxin content ( able for dairy use (Table 2 ; Fig. 4 ). These frequencies of contamination suggest significant investment in technologies to limit contamination may be warranted. Variation among seasons in aflatoxin content occurs in most areas and on most crops with aflatoxin problems (39) . This variation has been attributed to climatic factors, especially drought and high temperature, in corn (6, 38, 39) and peanut (6, 7, 39) , with increased contamination being associated with reduced rainfall. In South Texas, seasonal variation in aflatoxin content of cottonseed also is associated with variation in rainfall. However, increased contamination is associated with increased rain, as suggested by the regression models in Table 4 . In the desert valley production areas of Arizona, cotton is irrigated and the majority of cottonseed contamination has been associated with exposure of the mature crop (open bolls) to increased humidity and warm temperature (3, 11) . Irrigation practices vary in South Texas from supplemental to no irrigation and precipitation has an important influence on crop survival, yield, and aflatoxin content. The quantity of rain that crops receive in South Texas varies geographically during the growing season and between seasons. Our data suggest that precipitation occurring when mature bolls are present, from June to August, is the environmental factor with the greatest influence on aflatoxin contamination of cottonseed in South Texas (Table 4) . Rainfall in July explained >50% (r 2 = 0.52) of the variability in annual average aflatoxin content. Rainfall in August also explains a significant (9 to 12%) component of the toxin variability. Even a superficial examination supports this conclusion. For instance, the 1999 cotton season had the highest precipitation from June to August of the 5 years examined (368 mm) and the cottonseed produced that year had the highest levels of aflatoxin observed (Table 2 ; Figs. 2 and 3) . On the other hand, 1997 and 2000 had the lowest precipitation (105 and 87 mm, respectively) and the lowest levels of contamination (Table 2 ; Figs. 2 and 3) . The association of rain with aflatoxin contamination probably is attributable to the second phase of the contamination process, which occurs when mature bolls, harvested cotton, or ginned seed are exposed to high humidity and warm temperatures (11) . The majority of cottonseed aflatoxin contamination in the desert production areas of Arizona occurs during the second phase (3, 9, 11) .
In general, aflatoxin contamination in South Texas increased as the ginning seasons progressed for all the areas (Fig. 2) . However, the rate of increase varied by area as indicated by regression models of Percent Over 20 as a function of time (Table 3 ; Fig. 2 ). The percentage of cottonseed with aflatoxin content above the 20 ng/g threshold for dairy use (30) is very low in the beginning of the ginning season; however, toward the end of the season, >40% of cottonseed, regardless of the region within which the gin resides, contains aflatoxin at >20 ng/g. The slowest rates of increase in aflatoxin content during the ginning season occurred in the Lower Rio Grande Valley. This also was the region with the lowest contamination. Increases in aflatoxin contamination fit a linear regression model for both the Lower Rio Grande Valley and the Winter Garden regions, with the Rio Grande Valley having a smaller slope (0.5% per day) than the Winter Garden region (1.174% per day). However, because the ginning season is much shorter in the Winter Garden region than the Rio Grande Valley, the incidence of unacceptable cottonseed lots was similar for these two regions (Fig. 2) . Both the slower rate of increase and the lower aflatoxin content observed for the Rio Grande Valley may reflect, in part, both earlier harvest and earlier initiation of ginning. However, date of ginning is insufficient to explain all the differences among regions. For example, incidences of contamination were lower for cottonseed ginned in the Valley (32.6%, P < 0.01) or Winter Garden (33.1%, P < 0.01) regions between Julian day 240 and Julian day 265 than for cottonseed ginned during the same period in either the Coastal Bend (67.4%, P < 0.01) or the Upper Coast (50.5%, P < 0.01) regions. Aflatoxin increases in the Coastal Bend and the Upper Coast areas fit exponential models reflecting rates of increase that escalate as the ginning season progresses. Thus, the greatest rates of increase occur toward the end of the season as the incidence of cottonseed lots exceeding 20 ng/g approaches 100% (Table 3) . Differences among regions in rates of increase in cottonseed aflatoxin incidence can be largely explained by differences among regions in climatic conditions, as discussed above.
In Arizona, delayed harvest is known to result in cottonseed with increased aflatoxin content due to increases in the second phase of the contamination process (3). This phenomenon is the most likely cause of the observed increases in the levels of aflatoxin contamination during the ginning season in South Texas. These results suggest that, throughout South Texas, earlier harvest will result in reduced contamination. However, compared with other regions in the United States, South Texas already has a very early harvest and substantially earlier harvest may not be economically feasible.
Geostatistical analyses of the spatial structure of both cottonseed aflatoxin content and the percent of cottonseed with aflatoxin content 20 ng/g (Percent Over 20) indicate spatial autocorrelation of aflatoxin contamination at a regional scale in South Texas. Models for both variables in all the years presented spherical variograms, which indicate patchy distributions. The nugget was small compared with the sill in all the models, indicating that variation in aflatoxin content depends strongly on separation distances between gins. Spatial autocorrelation varied with season, presenting ranges of influence from 23,000 to 54,000 m (Table 5) for an area extending >550,000 m in length. The seasons of 1997 to 1999 had ranges for aflatoxin content of 50,000 to 54,000 m, whereas the season of 2000 had the shortest at 23,000 m. Year 2000 also presented the shortest range (26,500 m) for Percent Over 20, whereas the longest range (40,000 m) was for the 1997 season (Table 5 ). These range values suggest that aflatoxin contamination is regionalized with patches of higher contamination problems, which may change in size with season. These patches are locations with increased risk to which control efforts should be preferentially directed. This may include increased efforts toward early harvest and early ginning and encouragement of rotation to crops not susceptible to aflatoxin contamination.
Identification of recurrent patterns of areas with higher aflatoxin contamination provides a basis for selecting initial locations for intensive efforts to manage aflatoxins (i.e., through biological control with atoxigenic strains of A. flavus). Surface maps obtained by kriging of spatially autocorrelated variables can be compared over multiple seasons in order to identify recurrent patterns of agricultural problems at a regional scale (19, 25, 26) . These recurrent patterns are difficult to detect by classical ANOVA techniques. Surface maps of aflatoxin contamination in South Texas from 1997 to 2001 show some areas with either recurrent low or recurrent high aflatoxin problems (Figs. 2 and 3) . The Rio Grande Valley region had consistently low aflatoxin contamination during the study period (Figs. 3 and 4) . On the other hand, aflatoxin contamination was highly prevalent in the southeast and northern areas of the Coastal Bend region and the south area of the Upper Coast region (Figs. 3 and 4) . The Rio Grande Valley region differs from the Coastal Bend and Upper Coast in several factors that influence aflatoxin contamination. For instance, the Coastal Bend and Upper Coast regions normally have higher precipitation levels than the Rio Grande Valley. As discussed above, precipitation during July and August is the factor most closely correlated with contamination in South Texas (Table 4) . Rainfall patterns (data not shown) may explain some of the changing spatial pattern of aflatoxin contamination across seasons. For instance, highest contamination in 1997 and 1998 occurred mostly from the southeast of the Coastal Bend region to the southern part of the Upper Coast; whereas, for the seasons of 2000 and 2001, the highest levels shifted north, occurring from the northern Coastal Bend to the northern Upper Coast (Figs. 3 to 5 ). These shifts in aflatoxin contamination correlate with shifts in the pattern of precipitation (data not shown). Additional variability could be explained by other factors that are spatially variable in South Texas, including differing soil types, differing aflatoxin-producing potential of A. flavus communities (10), and differences in harvest or ginning time. For instance, on average, fields from the southeast Coastal Bend to southern Upper Coast have heavier (clay) soils than fields in the Lower Rio Grande Valley to the southern Coastal Bend. Heavier soils hold moisture longer than sandy soils and, thus, extend exposure of open bolls to increased humidity. This increased humidity could favor the second phase of aflatoxin contamination (3, 11) . Furthermore, there are differences in strains of A. flavus in the different areas. The percent of A. flavus strain S associated with commercial cottonseed from gins in the Coastal Bend to Upper Coast regions is significantly higher than for those from the Rio Grande Valley (13) , and strain S isolates produce higher aflatoxin levels in cottonseed than typical or L strain isolates (8, 10, 16) .
Late harvesting and ginning has been documented to increase aflatoxin contamination in the desert areas of Arizona (3, 9) . In the present study, this also is a main factor influencing aflatoxin contamination in South Texas (Table 3 ; Fig. 2 ). Harvest and ginning time influence the spatial patterns of aflatoxin contamination. For instance, the area of lowest contamination, the Lower Rio Grande Valley, usually is harvested and ginned earliest (Fig. 2) .
Recurrent spatial patterns of aflatoxin contamination as revealed by indicator kriging interpolation of the 5 years of data show that both the Port Lavaca Peninsula and the San Patricio Peninsula have consistently high levels of contamination. Throughout the study, both the Port Lavaca Peninsula and the San Patricio Peninsula presented a >60% probability of producing cottonseed with aflatoxin content >20 ng/g (Fig. 5) . These two areas would be good candidates for initial efforts to develop aflatoxin management practices for South Texas similar to the biocontrol program used to manage aflatoxins in Arizona (2) .
